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ingly vulnerable to the effects of anthropogenic sea level rise. To understand the effect of sea level rise on
organic carbon fate and preservation in this global sink, it is necessary to characterize differences in the biogeochemical stability of coastal wetland soil organic carbon (SOC). Here we use ramped pyrolysis/oxidation
decomposition characteristics as proxies for SOC stability to understand the fate of carbon storage in coastal
wetlands comprising the Mississippi River deltaic plain, undergoing rapid rates of local sea level rise. Soils
from three wetland types (fresh, brackish, and salt marshes) along a salinity gradient were subjected to
ramped pyrolysis analysis to evaluate decomposition characteristics related to thermochemical stability of
SOC. At equivalent soil depths, we observed that fresh marsh SOC was more stable than brackish and salt
marsh SOC. Depth, isotopic, elemental, and chemical compositions, bulk density, and water content of SOC
all exhibited different relationships with SOC stability across the marsh salinity gradient, indicative of different controls on SOC stability within each marsh type. The differences in stability imply stronger preservation
potential of fresh marsh soil carbon, compared to that of salt and brackish marshes. Considering projected
marsh ecosystem responses to sea level rise, these observed stability differences are important in planning
and implementing coastal wetland carbon-focused remediation and improving climate model feedbacks
with the carbon cycle. Speciﬁcally, our results imply that ecosystem changes associated with sea level rise
will initiate the accumulation of less stable carbon in coastal wetlands.

1. Introduction
Globally, soil organic carbon (SOC) represents the largest pool of actively cycling terrestrial C (1500–2300 Pg
C). Simultaneously, SOC decomposition also represents one of the largest sources of CO2 to the atmosphere
(58 Pg C yr21) [IPCC, 2007]. Therefore, any change in the source or sink capability of soil may signiﬁcantly
alter the global carbon cycle [Kirschbaum, 2000; Stockmann et al., 2013; Davidson and Janssens, 2006]. The
decomposition and subsequent ecosystem functions (microbial community support, nutrient availability to
vegetation, etc.) of SOC are a result of its stability [Plante et al., 2011]. Determining the stability of SOC and
its stabilizing mechanisms has been the subject of much recent research [Krull et al., 2003; Knorr et al., 2005;
Davidson and Janssens, 2006; Conen et al., 2008; Plante et al., 2011; Schrumpf et al., 2013]. The stability of
SOC is not deﬁned in terms of any one process or property. The notion of soil organic carbon stability represents its resistance to various modes of decomposition/remineralization. Thus, SOC stability simultaneously
has signiﬁcant global implications for the permanence and vulnerability [Kirschbaum, 1995] of soil OC reservoirs in response to an environmental disturbance or climate change.
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Sea level rise will have potentially profound effects on coastal soil reservoirs of carbon. Wetlands represent
the largest component of the terrestrial biological carbon pool [Chmura et al., 2003], estimated to be 200–
700 Pg C [IPCC, 2007; Mitsch and Gosselink, 2007; Mitra et al., 2003]. Globally, coastal wetlands accumulate
0.07–0.2 Pg C yr21 [Hopkinson et al., 2012]. Sea level is projected to rise 0.28–0.98 m globally by the end of
the 21st century [IPCC, 2013], effecting the global carbon cycle and carbon storage in coastal environments
profoundly, and potentially inducing both positive and negative feedbacks into the climate cycle. Relatively
little is known about how SOC decomposition rates will respond to sea level rise [Kirwan et al., 2013],

FATE OF COASTAL SOC WITH SALINITY

2322

Geochemistry, Geophysics, Geosystems

10.1002/2015GC005839

although recent studies suggest that SOC decomposition increases with saltwater input in fresh marshes
[Chambers et al., 2011; Weston et al., 2011; Neubauer, 2013]. Additionally, in response to sea level rise, many
coastal wetland systems will experience hydrological changes, changes in biogeochemical cycling and
microbial community composition [Morrissey et al., 2014; Weston et al., 2006], changes in plant productivity
[Neubauer, 2013], and habitat switching [Visser et al., 2008]. The former two will directly impact SOC decomposition rates, whereas the latter two will impact the source, quantity, and intrinsic stability of SOC accumulating in the marsh soils.
Methods for assessing SOC stability include magnetic susceptibility, solubility, bare fallow, and incubation experiments, and aggregate and density fraction speciﬁcation [von L€
utzow et al., 2007; Barre et al.,
2010]. Additionally, thermal analyses, such as ramped pyrolysis, are becoming increasingly utilized in
evaluating differences in bulk soil OC stability [Williams et al., 2014; Plante et al., 2011]. Analyses involving pyrolysis are relatively rapid, inexpensive, require little sample preparation, and give reproducible
results [Boon et al., 1998; Larter and Horsﬁeld, 1993; Fernandez et al., 2011, 2012; Peltre et al., 2013].
Ramped pyrolysis offers a way to characterize the stability of SOC, as laboratory pyrolysis simulates the
natural maturation that SOC undergoes during burial diagenesis [Disnar, 1994]. Recently, strong correlations were found between the thermal and biogeochemical stability of soil organic material [Leifeld and
von L€
utzow, 2014; Plante et al., 2011; Siewert, 2001] suggesting that the thermal stability of soil organic
matter (SOM) can be related to its biological degradability. The comparison of decomposition patterns
from ramped-pyrolysis allows for differentiation in relative stability [Rosenheim et al., 2008, 2013a; Williams et al., 2014], using stability proxies related to evolution of CO2 over time and increasing
temperature.
In this study, we use ramped pyrolysis to explore differences in SOC stability between fresh, brackish, and
salt marsh soils. We focus on a transect in Barataria Bay (USA) experiencing rapid subsidence (0.8 cm yr21;
Barataria Basin [Penland et al., 1989]) and erosion (50 km2 yr21; Barataria Basin [Sasser et al., 1986], 66–
90 km2 yr21: across the delta plain [Mitsch and Hernandez, 2013]). These factors make the SOC in the deltaic wetlands of the Mississippi River, USA, especially vulnerable to the effects of global sea level rise
[Mitsch and Gosselink, 2007]. We test the hypothesis that there are signiﬁcant differences in stability
between these (fresh, brackish, and salt) marshes, such that remnant stability increases with salinity due
to emergence of an additional OC decomposition pathway (sulfate reduction) during sea level rise. The
null hypothesis supports that there are no differences in stability between the three marshes, and each
will potentially respond to environmental changes equally or by processes not related to sea level and
pore water chemistry. Additionally, we analyze the SOC isotopic, elemental, and chemical composition,
depth, water content, and bulk density to examine relationships between these factors and the measured
stability.

2. Methods
2.1. Study Area
Three wetland ecosystems along a salinity and vegetation gradient (a fresh, brackish, and salt marsh) in the
Barataria Basin, Louisiana, USA, were selected for this study (Figure 1). The sample sites were chosen based
upon the salinity of the water adjacent to the marsh edge, as well as the vegetation present. The fresh
marsh was dominated by Scirpus olneyi and Scirpus americanus. The brackish marsh was dominated by Spartina patens and Juncus romerianus. The salt marsh site was dominated by Spartina alterniﬂora, Distichlis spicata, Spartina patens, with small areas of Avicennia germinans.
2.2. Sample Collection
The wetland soil samples (hydric entisols and histosols) were collected with a 50 cm hand auger at each
study site in August 2010, March 2012, and October 2013. At each sampling date, two cores were taken
approximately 10 m inside the marsh edge. The soil was sampled to a depth of 50 cm. The soil cores were
stored at 48C until analysis. Plant material was present throughout the length of each core, and no lithologic
boundaries or gradients were visible. Cores taken in 2010 were divided into three evenly spaced sections,
whereas cores taken in 2012 and 2013 were sampled every 2.5–15 cm depth, every 5–30 cm depth, and
every 10–50 cm depth. Bulk density and water content were also determined prior to analysis on the 2012
and 2013 cores by drying a known volume at 558C for 72 h.
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Figure 1. Fresh (F), brackish (B), and salt (S) marsh sampling locations within the Barataria Basin (yellow) in southeastern Louisiana and the
average annual salinity gradient for the basin. The salinity gradient was compiled by interpolation of all available salinity data (black dots
are locations of salinty measurments) from the Louisiana Ofﬁce of Coastal Protection and Restoration [2012] from 2006 to 2011.

2.3. Removal of Inorganic Carbonates
Each soil sample was wet sieved with deionized (DI) water through a sieve (1 mm) to separate the samples
into coarse soil organic matter (CSOM, > 1 mm) and ﬁne soil organic matter (FSOM, < 1 mm). The CSOM
fraction largely consisted of plant material. CSOM and FSOM fractions were dried at 558C to constant
weight. The dried FSOM was ground to homogeneity with a ceramic mortar and pestle and treated with
10% HCl to remove inorganic carbonates. After rinsing and neutralization with DI water, the FSOM samples
were dried to constant weight at 558C and reground using a ceramic mortar and pestle. The FSOM soil samples were then stored in precombusted (5258C for 2 h) borosilicate glass vials at room temperature until
analysis. We rinse samples and avoid fumigation because acidic residues prevent the functioning of Ni-PtCuO catalysts used in rapid oxidation of pyrolysis products (see Rosenheim et al. [2008] and below for analytical details). Additionally, rinsing marine samples minimizes the effects of inorganic-salt-related shifts on the
pyrolysis decomposition proﬁle [after Tang and Eickner, 1968].
2.4. Elemental and Stable Carbon Isotope Analyses
After removal of inorganic carbonates, we analyzed the FSOM samples in duplicate on a Vario MicroCube
elemental analyzer (EA) interfaced to an Isoprime isotope ratio mass spectrometer to obtain total organic
carbon (TOC), total nitrogen (TN), 15N/14N ratios, and 13C/12C ratios. Analyses were performed at the Stable
Isotope Laboratory, Tulane University. Samples taken in 2012 and 2013 were analyzed at the Paleolab of the
College of Marine Science, University of South Florida. Stable carbon isotope values were calculated from
measurement of ion beams of masses 44–46 generated from combusted samples and reference materials
swept into the mass spectrometer in a He carrier gas and compared to reference gas peaks. These signals
were converted to isotope ratios and expressed on the Pee Dee Belemnite (PDB) scale using the linear relationship between determinations and true values of USGS-40 and USGS-41 glutamic acid standards. We
separated and analyzed recognizable plant material from the CSOM portion of the soils for stable carbon
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Table 1. Composition of Surface SOCa
Resonance
Range (ppm)
210–165
165–145
145–110
110–95
95–60
60–45
45–10

Fraction

Functional
Group

Fresh

Brackish

Salt

Carbonyl
O-aromatic
Aromatic
O2-alkyl
O-alkyl
N-alkyl/Methoxy
Alkyl

0.08
0.07
0.20
0.07
0.24
0.11
0.22

0.08
0.10
0.23
0.07
0.19
0.11
0.22

0.08
0.09
0.25
0.06
0.20
0.11
0.20

10.1002/2015GC005839

isotopic composition. Stable carbon isotopic uncertainty for FSOM and CSOM
was calculated from replicate analyses of
samples and standards.

2.5. Ramped PyrOx Analysis
Following EA and stable carbon isotope analysis, we analyzed the FSOM
samples by ramped pyrolysis using the
Programmed Temperature Pyrolysis/
a
There is not much compositional difference in organic carbon between
Combustion System (PTP/CS) also
the marsh soils.
known as the Ramped PyrOx system
(explained in more detail in Rosenheim
et al. [2008], and summarized brieﬂy below). A small portion of each FSOM sample, weighed to yield
approximately 100 lmol CO2 (1.2 mg C), was packed into the precombusted pyrolysis reactor (4 h at
9008C) with precombusted quartz wool (2.5 h at 5258C) and pyrolyzed to completion, for determination of thermograph shape, veriﬁcation of TOC, and collection of CO2. A constant mass was chosen
to minimize the effects of sample mass-related shifts on the decomposition proﬁle [after Stenseng
et al., 2001]. The temperature was ramped at 158C/min from ambient temperatures to 10008C, and
sample was allowed to thermally decompose in an inert gas ﬂow (He at 35 mL/min). The decomposition products were then rapidly oxidized to CO2 (with He 1 O2 at 7 1 4 mL/min, respectively, over
copper, platinum, and nickel catalysts at 8008C), which was measured using a nondispersive infrared
CO2 detector. Both the temperature and evolved CO2 were recorded at 1 Hz during the reaction.
2.6. Solid-State 13C NMR Analysis
We acquired solid-state cross-polarization/magic angle spinning (CP/MAS) 13C nuclear magnetic resonance
(NMR) spectra using a Bruker AV-400 spectrometer operating at an approximate frequency of 50 MHz. A
measured mass of each 2010 surface SOC sample was ground and packed into a 4 mm diameter cylindrical
zirconia rotor with 12 lL insert and Kel-F end-caps and spun at 12,000 Hz in a Bruker magic angle spinning
probe. Each free induction decay (FID) was acquired using a sweep width of 40 kHz. All spectra were zero
ﬁlled to 8192 data points and processed with a 50 Hz Lorentzian line broadening. Chemical shifts were
internally referenced to glycine. Analyses were performed at the Louisiana State University NMR facility.
We spin counted our samples following the method of Smernik and Oades [2000]. Brieﬂy, we integrated the
glycine standard spectrum from 210 to 300 ppm and calibrated this value to the mass of carbon analyzed.
This calibration was used to calculate the total amount of carbon observed during NMR analysis of each
sample, integrated over the 210 to 300 ppm range. We also integrated each sample spectrum over the
major functional group resonance ranges (Table 1). Using the ratio of the carbon observed to the TOC of
each sample, the amount of carbon in each functional group was obtained for each sample.
2.7. Humic Acid Extraction
Humic acids were extracted from 2010 marsh soil samples from the deepest horizon collected (33–50 cm)
following the methods of Francioso et al. [2005]. Brieﬂy, 0.8 g of dried, ground sediment were extracted
under N2 atmosphere with 40 mL of 0.5 M NaOH and shaken for 24 h. The suspension was centrifuged at
1000 rpm for 30 min and then ﬁltered through a 0.2 mm ﬁlter. The solution was acidiﬁed with 5 M HCl to
pH < 2 to precipitate the humic acids and was then centrifuged at 1000 rpm for 60 min. The supernatant
was discarded and humic acids were dried at 558C. Extracted humic acids were stored at room temperature
until Ramped PyrOx analysis.

3. Results
3.1. Ramped PyrOx Analysis
The three soil types (fresh marsh, brackish marsh, and salt marsh) exhibited unique thermal decomposition
patterns, with brackish and saline SOC being the most reactive and fresh SOC being the most stable as indicated by their decomposition temperature ranges (Figure 2) and stability indices (Figure 3). Salt and brackish marsh SOC are characterized by a low-temperature peak (averaging 436.18C and 415.58C, respectively)
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Figure 2. Ramped PyrOx proﬁles of SOC decomposition from the fresh, brackish, and salt marshes (a) in 2010 and (b) in 2012 and 2013. For each depth comparison, the fresh marsh SOC
exhibits the highest stabilities, indicated by the Tmax peak, followed by the brackish and salt marshes. The black proﬁle is the average of each core’s thermographs.

and high-temperature shoulder, whereas the fresh marsh SOC is characterized by a low-temperature
shoulder and an average high-temperature peak (521.88C). Generally, individual runs in this system have
reproducible peaks to within 108C. These patterns were consistent at each depth in the soil cores from each
sampling date. There is much more downcore variability in the fresh marsh cores than in the brackish and
salt marsh cores. The lowest stability soils in the fresh marsh core taken in 2012 are of higher Tmax than soils
from respective depths in the SM-2012 and BM-2012 cores. Conversely, there were no consistent patterns,
such as increases or decreases, of SOC stability with depth. The thermographs of Ramped PyrOx analysis for
each core shown in Figure 2 and stability indices (Tmax, T50, and activation energy) are shown in Figure 3,
showing the differences in thermal stability between the three marshes. Tmax is the temperature of maximum CO2 evolution and/or the decomposition peak temperature and T50 is the temperature at which 50%
of the carbon has evolved. The activation energies are for the total reactions were calculated following the
methods of Williams et al. [2014]. Humic acids extracted from these soils showed similar decomposition patterns (Figure 4), with the fresh marsh humic acids being more stable than the brackish or salt marsh humic
acids with the exception of some lower-temperature pyrolysis products appearing around 5258C.

WILLIAMS AND ROSENHEIM

FATE OF COASTAL SOC WITH SALINITY

2326

Geochemistry, Geophysics, Geosystems

10.1002/2015GC005839

Figure 3. Tmax (temperature of maximum CO2 evolution), T50 (temperature at which 50% of SOC has decomposed), and activation energy (Ea) stability proxies comparison for the three
marsh types from cores taken in 2012 and 2013 determined by Ramped PyrOx analysis. In general, the fresh marsh SOC exhibits the highest stabilities, indicated by the Tmax and T50 followed by the brackish and salt marshes.

3.2. Physical Analyses
Despite the lack of observed lithologic boundaries in the cores, physical differences are apparent in the
bulk density and water content of the three marsh soils (Figure 5). The highest water contents were
observed in the fresh marsh soils, ranging from 1.9 to 6.1 g/g soil and increasing with depth, whereas
ranges in the brackish and salt marshes were 1.2–3.1 and 0.7–2.9 g/g soil, respectively. Accordingly, the
highest bulk densities were observed in the brackish and salt marsh soils, (ranging 58.2–206.6 and
42–146 mg/cm3, respectively). The bulk density of the fresh marsh soil ranged from 27.1 to 107.3 mg/cm3.
3.3. Compositional, Isotopic, and Elemental Analyses
No major compositional differences are observed in the 2010 surface SOC samples (Table 1) from the NMR
analysis of major functional groups. Salt marsh SOC has the highest proportion of aromatic carbon, followed

Fresh Marsh
Brackish Marsh
Salt Marsh

100

200

300

400

500

600

700

Temperature (oC)
Figure 4. Ramped PyrOx analysis of humic acids from the fresh, brackish, and salt marsh soils. The fresh marsh humic acids exhibit the
highest stabilities, indicated by the Tmax peak, followed by brackish and salt marshes humic acids.
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Figure 5. TOC, bulk density, water content, and C:N comparison for the three marsh types from the 2012 and 2013 cores. Water content and TOC are highest in the fresh marsh, whereas
bulk density is highest in the salt and brackish marshes.

by the brackish and fresh marshes. Fresh marsh SOC has the highest concentration of O-alkyl carbon. Proportions of all other carbon functionalities are similar between the marsh types. Concentrations of humic
acids were highest in the fresh marsh at 0.06 mg/mg soil, whereas brackish and salt marsh humic acid concentrations were lower at 0.02 and 0.03 mg/mg soil, respectively.
Small isotopic differences are apparent in the d13C and d15N composition of SOC from the three marshes
(Figure 6). The fresh and brackish marsh soils showed similar variability in d13C, ranging from 223.4 to
219.9& and 223.2 to 220.6&, respectively. The d13C of salt marsh SOC showed the most variability, ranging from 224.3 to 217.8&. Variability of d15N was similar for all soils. In each marsh, the plant material
showed larger variation in isotopic values compared to the SOC. For example, the results of d13C isotopic
analysis of recognizable plant fractions (leaves, stems, etc.) from the CSOM fraction (Figure 6) illustrate that
the salt and brackish marsh plant material showed similar variability in d13C to the SOC, ranging from 223.3
to 213.5& and 224.8 to 214.2&, respectively. The d13C of fresh marsh plant material showed the least
variability, ranging from 221.8 to 214.9&.
The OC% varied widely between the marsh sites (Figure 5). The highest TOC values were observed in the
fresh marsh soils, ranging from 12.2 to 48.3%, whereas ranges in the brackish and salt marshes were 3.1–
18.3% and 0.9–11.2%, respectively. Organic C:N ratios were quite variable in each marsh, ranging from 10.4
to 31.1 for all of the soils in this study (Figure 5).

3.4. Relationships Between Stability and Physical/Chemical Characteristics
To examine the relationship between marsh SOC stability and the physical and chemical soil characteristics,
we utilized linear regression analysis of all of the Ramped PyrOx stability proxies to the SOC isotopic composition (d13C and d15N), plant isotopic composition (d13C), C:N, depth, bulk density, TOC, and water content
(Table 2 and Figure 7). Across the salinity gradient, water content and TOC exhibited the strongest positive
relationships with Tmax. Individually, the strongest relationship with Tmax in the fresh marsh was with d15N.
In the brackish marsh, the strongest relationships with Tmax were the bulk density and TOC. The strongest
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Figure 6. Isotopic comparison (d13C of the bulk soil, d13C of recognizable plant material, and d15N of the bulk soil) for the three marsh types for the 2012 and 2013 cores.

relationship with Tmax in the salt marsh was with d13C. No statistically signiﬁcant relationships were found
between soil depth and the marsh SOC stability in any of the marsh cores (Table 2 and Figure 7).

4. Discussion
4.1. Fresh Marsh SOC is Most Stable
Fresh marsh SOC is more stable than the SOC found in brackish and salt marshes as indicated by its higher
Ramped PyrOx Tmax (temperature of maximum CO2 evolution) values (Figures 2 and 3). This stability difference is observed throughout the cores, at all depths in the 2012 and 2013 samples. The additional stability
proxy, T50, showed the same relationships with marsh SOC type, although Tmax values were on average
158C higher than the T50 values and this difference increases with increasing temperature. Because of the
high correlation between the two proxies (Figure 8 and Table 2) and because the activation energy is not
correlated to other external stability indices (DSC-T50, TG-T50 [Plante et al., 2011] (see supporting information), alkyl/O-alkyl, etc.), only the Tmax proxy will be discussed further. Ramped PyrOx is based on the premise
that thermochemical stability (Tmax) is a good approximation for diagenetic stability. Williams et al. [2014]
Table 2. Pearson Product Moment Correlation Coefﬁcients (R2) for Linear Regressions Between the Thermal Stability Indices and the
Physical and Chemical Properties of Marsh SOC (n 5 63)a

All Marshes

Fresh Marsh

Brackish Marsh

Salt Marsh

a

WILLIAMS AND ROSENHEIM

Tmax
T50
Ea
Tmax
T50
Ea
Tmax
T50
Ea
Tmax
T50
Ea

d13C

TOC

Depth

d13Cplant

Bulk Density

Water Content

0.03
0.02
0.01
0.02
0.03
20.00
20.02
20.01
0.08
0.62
0.44
0.14

0.50
0.51
0.11
0.10
0.12
0.12
0.43
0.38
0.01
0.34
0.38
0.44

0.01
0.01
20.03
0.04
0.06
0.02
20.01
20.00
20.12
0.06
0.02
20.14

0.04
0.02
20.01
0.00
20.00
20.12
20.09
20.12
20.00
0.27
0.16
0.06

20.06
20.06
20.39
0.05
0.03
20.56
0.68
0.65
20.22
20.00
0.00
20.50

0.36
0.37
0.10
0.04
0.05
0.11
0.08
0.09
20.02
0.07
0.03
0.43

C:N

d15N

20.01
20.02
0.21
20.05
20.02
0.38
0.49
20.44
0.11
0.14
0.07
0.74

20.00
20.00
0.08
0.20
0.17
0.02
0.09
0.08
0.06
0.07
0.11
0.44

Values in bold are statistically signiﬁcant, with p  0.05.
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Figure 7. Relationships between the thermal stability index (Tmax) and the physical and chemical properties of fresh (red), brackish (green), and salt (blue) marsh SOC. Only statistically
signiﬁcant linear regressions (Table 2) are shown.

found that char formation stabilizes some carbon to decompose at higher pyrolysis temperatures. However,
the chars formed during Ramped PyrOx retain inherent stability from the bulk organic material and that the
Tmax proxy for organic matter stability is unaffected by char-forming reactions during pyrolysis as evidenced
by the relationships between the Ramped PyrOx Tmax stability proxy and the compositional indicators of
SOM decomposition described in Baldock et al. [1997] and Kleber et al. [2011]. Thus, the Tmax values measured herein are likely indicative of real OC stability differences between each soil sample with the fresh
marsh SOC being most stable compared to the other marsh types.
4.2. Controls of SOC Stability Vary Between Marshes
Recent analytical and experimental advances have demonstrated that environmental and biological controls predominate in the controlling of SOC stability [Schmidt et al., 2011], compared to its molecular structure. This stability of soil organic carbon may depend on several factors, including mineral and aggregate
association [Stockmann et al., 2013], the source of plant litter and soil depth [Schrumpf et al., 2013], and environmental conditions (such as moisture and temperature [Stockmann et al., 2013]). Recent studies have also
found relationships between SOC stability and shifts in the C:N ratio and d15N isotope composition [Conen
et al., 2008]. We recognize that depth comparisons between sites may not be of equivalent lithologic strata,
sedimentation rates, and/or diagenetic history, however we emphasize that the following comparisons
demonstrate the varying relationships between SOC stability and physical/chemical soil characteristics. We
will only discuss in detail the characteristics that exhibited signiﬁcant relationships with the Tmax proxy.
Across all of the marsh types along this salinity gradient, water content and TOC exhibited the strongest
positive relationships with Tmax. In a previous study on mineral soils, thermal stability was found to be
higher in low OC soils [Peltre et al., 2013] compared to high OC soils. Fundamentally, this was the basis of
our original hypothesis that as sulfate becomes available for reduction, soil TOC levels will decrease and
more stable carbon will be left behind. Our results, however, show that the organic carbon content showed
moderate relationships with the Tmax when analyzing all marsh data collectively, increasing linearly with the
stability proxy. The soils with the highest TOC were from the fresh marsh cores, followed by the brackish
and salt marshes (Figure 5). In the individual marsh types, statistically, the relationship between increasing
TOC and increasing stability weakens in the salt and brackish marshes and completely breaks down in the
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fresh marsh (Table 2). Peltre et al.
[2013] suggested that the stability of
high OC soil might be accounted for by
the presence of plant debris having
high thermal stability. In our marshes,
abundant plant debris was present
throughout all of the cores, especially
in the surﬁcial intervals and likely does
not account for stability differences
observed here. Similarly, our water content results showed moderate relationships with the Tmax for all of the marsh
cores, increasing linearly with the stability proxy. Soil water content inﬂuences the decomposition of SOC
[Davidson et al., 2000] such that
increased soil moisture may destabilize
Figure 8. Relationship between the Tmax and T50 stability proxies. Tmax values are
SOC [Tulina et al., 2009], resulting in
consistently higher than the T50 values.
increased remineralization. However, in
wetland ecosystems, increased SOC content has been observed with increased soil moisture [Wu et al.,
2011]. The higher TOC values observed in the fresh marsh SOC may reﬂect lower rates of mineral dilution
[Middelburg et al., 1997], higher rates of primary production [Mitsch and Gosselink, 2007], decreased remineralization due to unfavorable environmental conditions (high water content), and/or higher recalcitrance of
accumulating SOC compared to the brackish and salt marshes. Holistically, our data add support to the latter two mechanisms.
The only signiﬁcant relationship with Tmax in the fresh marsh was with its d15N composition. Decomposition
of SOC leads to stabilized organic matter residuals with decreased C:N [Kramer et al., 2003; Conen et al., 2008]
and enriched d15N [Conen et al., 2008]. Because these residuals are increasingly mineral associated, it is
expected that the increase in d15N and the decrease in C:N are associated with increasing stability. This stability relationships in the fresh marsh are weak (d15N) or not signiﬁcant (C:N), but may be improved and/or further understood with increased sampling as many of our samples were below N detection limits.
In the brackish marsh, the strongest relationship with Tmax was with the bulk density. Although the role of
the mineral component and organo-mineral interactions on the thermal analysis of SOC in bulk soils still
requires further investigation [Plante et al., 2011], mineral (silt and clay) associations [Six et al., 2002], and
interactions with soil OC are expected to increase its stability [Torn et al., 1997]. This is especially expected
in subsoils, in which a greater proportion of C is bound to minerals [von L€
utzow et al., 2006]. While we did
not directly measure mineral content or OC-mineral relationships in this study, bulk density is directly
related to the mineral content of these wetland soils [Gosselink et al., 1984]. It is expected that soils in this
area with increased bulk density and subsequently increased mineral content [Gosselink et al., 1984] have
higher organo-mineral associations and would thus be more stable. The bulk densities measured in these
soils agree (Figure 5) with previous measurements in this wetland basin [Hatton et al., 1983; Gosselink et al.,
1984]. Based on this relationship between stability and bulk density exhibited in the brackish marsh SOC,
our results support that mineral association may be an important stabilizing mechanism, one not present in
the fresh marsh because of lack of mineral dilution. It is also interesting to note that there is a relatively
moderate signiﬁcant relationship between bulk density and activation energy (Table 2) in each marsh. This
relationship, however, is negative and does not support the above hypothesis. Furthermore, the Ramped
PyrOx activation energy is not signiﬁcantly correlated with other external indices (DSC-T50, TG-T50, alkyl/Oalkyl, etc.) of SOM stability (see supporting information.).
The strongest relationship with Tmax in the salt marsh was with d13C signature of its SOC. Studies have suggested that the characteristic carbon isotope ratio and/or the photosynthetic pathway [Wynn and Bird,
2007; Das et al., 2010] of soil organic carbon may serve as an indicator of its stability and persistence in the
environment. Carbon: nitrogen ratios combined with the d13C values are indicative of terrestrially sourced
OC. Although the isotopic compositions were characteristic of each marsh type [Chmura et al., 1987], only in
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the salt marsh is there a moderate positive relationship between the stability of SOC and its soil and plant
carbon isotopic composition. This agrees with the ﬁndings of Das et al. [2010], that C4 grass is more thermochemically stable than C3 grass. In contrast, Wynn and Bird [2007] found that C4-derived soil organic carbon
decomposes faster than its C3 counterpart in mixed C3/C4 soils. The Wynn and Bird [2007] relationship
would result in relatively stable soil residuals depleted in d13C, which is the opposite of what is observed in
our salt marsh cores in which more enriched soils are most stable. However, the Wynn and Bird [2007] relationship was established for woody C3 end-members, which are not present in these marsh environments
of the Barataria Basin. Additionally, in these cores, there is an abundance of grassy plant material, possibly
reﬂecting the relationships supported by Das et al. [2010]. In the salt marsh, our results support that the
source of the organic material is most inﬂuential on its stability.
4.3. Stability of Different Compound Classes
The accumulation of relatively stable compounds, such as lignin and humic acids may also inﬂuence the
stability of bulk SOC. No major structural differences are observed in the 2010 surface SOC samples
(Table 1), however, lignin inputs into each of these marshes may vary considerably. Concentrations of
lignin are expected to be lowest in salt marsh (4.3–9.3% of the total cellulose, lignin, hemicellulose, and
other uncharacterized biomass), based on compositional analysis of the dominant vegetation (Spartina
alterniﬂora) [Benner et al., 1987]. In the brackish marsh, lignin concentrations are expected to be slightly
higher at 5.1–6% from Juncus roemerianus [Benner et al., 1987] and 14.2–14.4% from Spartina patens [Ball
and Drake, 1997]. The highest concentrations of lignin are expected for Scirpus olneyi in the fresh marsh
at 20.1–20.5% [Ball and Drake, 1997]. Humic substances are amongst the most stable and abundant OC
forms found in soils and sediments [Francioso et al., 2005]. Similar content patterns are observed in the
humic acid concentrations from these soils. Fresh marsh humic acids were the highest concentrations at
0.06 mg/mg soil, while brackish and salt marsh humic acids were 0.02 and 0.03 mg/mg soil, respectively.

Figure 9. Conceptual model of changing biogeochemical conditions and marsh vegetation switching and loss due to increasing sea level
(salinity) and the stability of SOC associated with each type of marsh. When sea level rises to a higher level in Figure 9b, there is a net loss
of marsh area as well as vegetative and biogeochemical changes (much of the area that was previously brackish is now saline and much
of the area that was previously fresh is now brackish). Additionally, the SOC accumulating in each marsh has become less stable than what
was accumulating in Figure 9a due to the changes in hydrology, soil biogeochemistry, and OC input, resulting in a reduction of the carbon
sink capacity of the system.
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Additionally, Ramped PyrOx analyses of humic acids display the same patterns as the bulk SOC (Figure
4), with highest stability in the fresh marsh humic acids. The abundances of these relatively stable compounds as well as the Ramped PyrOx stability of these extracted humic acids corroborate the stabilities
observed for each soil.

5. Conclusions
This study suggests that signiﬁcant differences exist between the stabilities of fresh, brackish, and salt
marsh SOC in this coastal wetland ecosystem. We show that fresh marsh SOC is more stable than that
stored in brackish and salt marshes, possibly due to different mechanisms of SOC stabilization and preservation controlled by differing factors in each marsh type as well as different inputs of stable carbon
compounds. Whereas it is important to continue to develop our understanding of these relationships
between biological and thermal stabilities for these soils, the differences in SOC thermal stability
between these marshes have important consequences for the long-term status as a carbon source or
sink of these coastal ecosystems. With projected increases in sea level, many coastal marshes are
expected to shift from fresh to brackish and/or salt marshes, if not inundated. While we recognize the
need to explore this salinity shift and associated biogeochemical and environmental changes in many
more coastal environments, we summarize the implications of this habitat switching and our results in
the face of anthropogenic sea level rise in the following conceptual model (Figure 9). The addition of
marine salts may alter the microbial processing of OM in ways that change its stability and/or may alter
the organic carbon contribution of the dominant vegetation to the soil and our results indicate that this
shift in vegetation and soil biogeochemical conditions will initiate the accumulation of less stable SOC
in these previously freshwater ecosystems possibly increasing the decomposition/remineralization rates
of this global carbon sink.
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